The variation in molar tooth size in humans and our closest relatives (hominins) has strongly influenced our view of human evolution. The reduction in overall size and disproportionate decrease in third molar size have been noted for over a century, and have been attributed to reduced selection for large dentitions owing to changes in diet or the acquisition of cooking 1,2 . The systematic pattern of size variation along the tooth row has been described as a 'morphogenetic gradient' in mammal, and more specifically hominin, teeth since Butler 3 and Dahlberg
. In this study we address the following question: are there rules that govern how hominin tooth size evolves? Here we propose that the inhibitory cascade, an activator-inhibitor mechanism that affects relative tooth size in mammals 6 , produces the default pattern of tooth sizes for all lower primary postcanine teeth (deciduous premolars and permanent molars) in hominins. This configuration is also equivalent to a morphogenetic gradient, finally pointing to a mechanism that can generate this gradient. The pattern of tooth size remains constant with absolute size in australopiths (including Ardipithecus, Australopithecus and Paranthropus). However, in species of Homo, including modern humans, there is a tight link between tooth proportions and absolute size such that a single developmental parameter can explain both the relative and absolute sizes of primary postcanine teeth. On the basis of the relationship of inhibitory cascade patterning with size, we can use the size at one tooth position to predict the sizes of the remaining four primary postcanine teeth in the row for hominins. Our study provides a development-based expectation to examine the evolution of the unique proportions of human teeth.
Nearly 80 years ago, Butler 3, 7 described the morphogenetic gradi ent in mammalian postcanine teeth. From anterior to posterior, the deciduous premolars and molars increase in size, and in some species the posterior molars then decrease, with only one local maximum of tooth size along the row. Butler 3 interpreted this pattern to be gener ated by a morphogenetic field, where the concentration of a diffusible morphogen determined size. The pattern appeared to apply both to deciduous premolars and to molars, which together are considered primary teeth 8 . Unlike molars, deciduous premolars are replaced with a secondary dentition, called the permanent premolars. While several authors have investigated the morphogenetic gradient in hominins 4, 9 , they have generally investigated permanent premolars rather than their deciduous predecessors.
In 2007, a developmental mechanism controlling relative molar size in mice either by separating adjacent molars or by applying growth factors in the culture was experimentally discovered 6 . In the resulting 'inhibitory cascade' model, molar activator/inhibitor ratio determines the size of subsequently developing molars. Whereas activation is prin cipally considered to be mesenchymal, previously initiated molars are the source of inhibition, thereby causing a patterning cascade from anterior to posterior molars. The model appears to explain a high pro portion of the variation in relative molar size in murines, primates and fossil mammaliaforms 6, [10] [11] [12] [13] [14] [15] . Mice, however, lack all premolars, but the inhibitory cascade implies that a previously initiated tooth should always inhibit the subsequently developing tooth (for example, the fourth deciduous premolar, dp4, should inhibit the first molar, m1).
Here, we test whether the inhibitory cascade explains the mor phogenetic gradient in the primary postcanine tooth size of homin ins and great apes. We partition the lower dentition into triplets: (1) the third and fourth deciduous premolars, dp3 and dp4, and the first molar, m1 (dp3-dp4-m1); (2) dp4-m1-m2; and (3) the three molars (m1-m2-m3). If a triplet follows the inhibitory cascade pattern, then the central tooth is the average size of the two outer teeth. This is math ematically equivalent to the central tooth being onethird of the total triplet size, a manifestation of the inhibitory cascade 6 (Supplementary Information). As a result, the three teeth show a linear change in size with tooth position; hence, linearity of size change is a proxy for the inhibitory cascade.
Our analysis of 58-66 modern human populations for lower molars and 8 populations for lower deciduous premolars shows a linear increase of the average sizes of the first triplet (dp3-dp4-m1; ordinary least squares (OLS) regression R 2 = 0.9998; Fig. 1 ). The third triplet (molars) also follows the inhibitory cascade pattern, but here size decreases linearly from m1 to m3 (R 2 = 0.974). On average, m1 is the largest tooth in the row, with size first increasing and then decreas ing about this central tooth position. The second triplet dp4-m1-m2 does not follow the linear pattern predicted by the inhibitory cascade because the middle tooth is the largest. We call this change in direction a reversal of the inhibitory cascade patterning.
Fourteen species of fossil hominins (eight with data on both deciduous premolars) also follow the inhibitory cascade in the first triplet ( Fig. 1 and Extended Data Fig. 1 ). The close fit of the dp3-dp4-m1 triplet for hominins allows us to predict that the mean size of the undiscovered dp4 of Ardipithecus ramidus will be the average of the dp3 and m1 sizes, that is, 73 mm 2 in area (star in Fig. 1a) . In all extinct hominins the second or third molar is the largest tooth on average. In most aus tralopiths (for example, Paranthropus boisei; Fig. 1 ) the second triplet (dp4-m1-m2) also follows the inhibitory cascade, as the m1 is the average of the two adjacent teeth, pushing the reversal position to m2 or m3. This contrasts with a reversal position at m1 in Homo sapiens.
Here we used a simple measure of tooth size, length by width rectan gular area, because it is the most commonly used and, therefore, exten sive data sets are available. To assess alternative measures of size we calculated three additional metrics from microcomputed tomography Letter reSeArCH scans using a subset of fossil hominin specimens: tooth occlusal outline area, enamel-dentine junction 3D surface area, and cervical cross sectional area (Fig. 1b) . All show the same general pattern of size rela tionships (Extended Data Fig. 2 ). The first two of these were very highly correlated with rectangular area (R 2 > 0.94), cervical area only slightly less so (R 2 = 0.86; Extended Data Fig. 3 ). Expressing the relative size of each tooth in a row as a proportion of the largest tooth in the row reveals a close relationship between abso lute m1 size and relative tooth size for Homo species (Extended Data  Fig. 4 ). This contrasts with the remaining hominin taxa (that is, the australopiths), where the proportions are essentially constant with m1 size. Great ape tooth proportions are intermediate to Homo species and australopiths.
In a 3D plot combining tooth position, the relative size of each tooth and the absolute size of m1, all data points generally fall on two dis tinct planes in 3D space (meaning that relative size has linear relation ships both with m1 size and with tooth position; Extended Data Fig. 5 and Supplementary Videos 1 and 2 ). The tight fit of the teeth to both the anterior plane A and the posterior plane B reveals two important findings: (1) these species follow the expected inhibitory cascade pat tern of linear change for the first three (or four) teeth in the primary tooth row; (2) there is a strong relationship between tooth position and proportional sizes in all hominins. In Homo the reversal position (intersection between planes A and B) changes with absolute m1 size, while in the australopiths the reversal position is constant with absolute m1 size. Using these planar relationships, we can convert proportional size to absolute size based on a given m1 size (Extended Data Fig. 6 ; Supplementary Information). Standardizing m1 size to a straight line in 3D space produces 3D surfaces that can represent primary postcanine tooth sizes for australopiths or Homo species (Fig. 2 ). This diagram essentially shows how absolute tooth sizes and proportions vary with changes in m1 size. Deviations of the species means from these surfaces are relatively minor (average and maximum deviation for Homo species are 7.1% and 18.0% respectively; for australopiths, 7.6% and 24.5%; Extended Data Fig. 7 ).
For a given tooth position and size, Supplementary Spreadsheet 1 predicts the sizes of the remaining positions in the primary postcanine row. These predictions are based on species means and interspecific scaling relationships, and so represent sizes and proportions typical of species for that m1 size. Figure 3 illustrates the 3D prediction surfaces as contour plots for Homo species and australopiths, showing the sizes at each tooth position for a given m1 size in that row (see also Extended Data Fig. 8 ).
Given the close fit of almost all australopiths to their prediction sur face ( Fig. 2 ) and a very similar pattern in the great apes, we postulate that a tight association between tooth proportions and m1 size existed at the base of the hominin clade (Extended Data Figs 1, 4 and 5). Near the origin of the genus Homo, a change in the scaling relationship between m1 size and inhibitory cascade patterning occurs, such that the reversal position changes with absolute m1 size and shifts mesially (Fig. 4) . Interestingly, Homo habilis shows proportions more similar to australopiths than its congeners, which suggests this shift occurred after the origin of H. habilis, and agreeing with H. habilis perhaps belonging to the genus Australopithecus 16 . The Dmanisi specimens demonstrate the heterogeneity present in the early Homo pattern: one specimen (D2600) resembles the australopith pattern whereas the others are closer to the Homo pattern (Supplementary Information).
The smallestbodied hominin, Homo floresiensis, is most similar to the smallestbodied great ape, Pan paniscus, in tooth sizes and propor tions and is smaller than tooth rows of human populations with the largest tooth at m2 (Extended Data Fig. 1 ). Among fossil hominins, H. floresiensis exhibits proportions similar to Homo heidelbergensis and Homo erectus, but ~40% smaller in absolute area. The recently described Australopithecus deyiremeda 17 and Australopithecus sediba both follow the australopith pattern.
H. sapiens is similar to its congeners but at smaller m1 sizes, produc ing disproportionately reduced third molars. For most modern humans m1 is the largest tooth, but a small proportion of humans have m2 as the largest tooth (11-19% of individuals in some populations 18 , and 8.6% of the population means in our sample).
We note that specimenlevel predictions can deviate from the specieslevel scaling patterns. When the size of each tooth is used to of each lower postcanine primary tooth for 7 of the 15 hominin species in this study. The inhibitory cascade predicts a linear relationship of the sizes of three adjacent teeth, as seen for dp3-dp4-m1 triplet and dp4-m1-m2 triplet for P. boisei. Red dotted line shows expected linear relationship for dp3-dp4-m1 triplet for Ar. ramidus; red star shows predicted size of undiscovered dp4 (73 mm 2 ). Mean ± s.e.m. of populations for H. sapiens (dark blue), and of individuals for fossil hominin species. b, Measurements of tooth area used in this study illustrated on H. erectus Sangiran 1B: mesiodistal length × buccolingual width (the principal measure used in the analyses), 3D enamel-dentine junction area, 2D crown area and 2D cervix area. Letter reSeArCH predict the other teeth in the same specimen, the average error is 10.3% and 7.9% for Homo and australopiths, respectively (Supplementary Information). The largest prediction errors (above 30%) are found in H. erectus (D211, Thomas I), H. heidelbergensis (Arago 1) and H. neanderthalensis (KMH1, Krapina 1,7,79 and Krapina 64). Some of the discrepancies are probably related to errors in size estimation owing to developmental age, preservation and wear, and potential identification inaccuracies in making composite specimens. Increased intraspecific variation in Homo species could also result from relaxed selection, implicated by the increased fluctuating asymmetry found in most Homo dentitions compared with australopiths and great apes 19, 20 , or multiple selection pressures. Another possibility is developmental instability when molars in a tooth row approach equal size: for example, extra molar presence in mouse experiments seems linked to the molars being of equal size 6 .
Developmentally, in the activator-inhibitor model, higher or lower relative inhibition yields smaller or larger posterior molars, respectively. Absolute tooth size was independent of the inhibitory cascade in the mousederived model (ref. 6 and Extended Data Fig. 9 ), whereas size and proportions are linked in hominins (Extended Data Fig. 4) . The simplest way to incorporate size into the inhibitory cascade is through the activation, because the first tooth in a developmental series is unimpeded by the inhibition by other teeth. Therefore, we hypothesize a decrease in mesenchymal activa tion drives the change in tooth proportions in Homo. The mechanism controlling reversal position, however, remains to be determined. While the inhibitory cascade has been invoked to account for pat terns in vertebrate limbs, digits and somites 21 , a link between abso lute size and patterning in multiple vertebrate systems remains to be established. 
Letter reSeArCH
In conclusion, previous work comparing relative molar sizes using step indices 22 and ratios 23 identified significant changes in these pro portions throughout hominin evolution; here we explain such changes based on the developmental inhibitory cascade mechanism. Whereas selective pressures emphasizing function, such as changing bite force, have been used to explain the variation in tooth proportions [24] [25] [26] [27] , only by including development can one explain the details of the changes. By providing a developmentbased expectation for the evolution of the hominin dentition, the inhibitory cascade framework moves this research towards a predictive science, further testable with additional fossils.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
MethOdS
Tooth size data. Human lower primary postcanine tooth sizes, defined as rectan gular areas of mesiodistal length × maximum buccolingual width, were collated from the literature, and measured from dental casts at the Burlington Growth Centre, Toronto, Canada. All research protocols were reviewed and granted exemption by Arizona State University's Institutional Review Board and the Burlington Growth Centre, and informed consent was obtained for all human subjects. Populationlevel means of molar sizes were collated from studies where all three molars were measured and wear was not excessive, largely from compi lations 23,29 (see Supplementary Information) . No statistical methods were used to predetermine sample size. Fossil hominin tooth size measurements were com piled at the specimen level and assigned to taxonomic groups (see Supplementary Information), using measurements adjusted for wear when available. H. erectus specimens from Asia and Africa were grouped separately. Ape tooth size measure ments were obtained from the literature 30 or measured from museum specimens (see Supplementary Information) . For all individuallevel data, measurements taken from both sides of the same individual were averaged. Individuals of the same sex were averaged, then sexes were averaged to obtain a population or species mean size for each tooth. Analyses. For each primary tooth row (mean of sex, population or species), all teeth were scaled so that the largest tooth in the row equalled 1, called Prop Max in Row. For hominins and great apes separately, we used R version 3. 1.3 (ref. 31) to perform multiple linear regression for Prop Max in Row ~ Tooth Position + Area of m1, and linear regression for Max Area in Row ~ Area of m1. For hominins, Prop Max in Row was converted to Area by multiplying it by Max Area in Row for the given m1 size. This function was then divided by the ratio of the expected Area of m1 to that calculated for m1 to give m1 size a 1:1 relationship with Area in the predictive surface (see Supplementary Information and Extended Data Fig. 10 for calculations and plots) . Individuallevel fossil data were used for the pre diction error calculation using the relevant Homo or australopith prediction sur face. Prediction error was calculated as 100 × |(observed − predicted)|/observed. Three-dimensional tooth size data. Xray microtomographic scans of six hominin specimens with three sufficiently unworn lower molars were performed at the Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany. Threedimensional tooth models were measured for rectangular area, tooth occlusal outline area, enameldentine junction 3D surface area, and cervical crosssectional area (Fig. 1b) . Letter reSeArCH 
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